Introduction
The binary phase diagrams of La-Al 1 and Ce-Al 2 contain several intermetallic aluminides. At room temperature the phases RE 3 Al 11 (orthorhombic, Pnma, La 3 Al 11 type), 3 REAl 3 (hexagonal, P6 3 /mmc, Ni 3 Sn type), 4, 5 REAl 2 (cubic, Fd3m, MgCu 2 type), 6 REAl (orthorhombic, Cmcm, CeAl type), 7, 8 and RE 3 Al (hexagonal, P6 3 /mmc, Mg 3 Cd type) 5 exist. In contrast to the other aluminides, RE 3 Al contains no direct Al-Al contacts due to the low Al content. Additionally, the high temperature phase (La 0.88 Al 0.12 )Al 2 with AlB 2 type structure exists in the La-Al system between 1363 and 1513 K. 4 This phase has not been found in the Ce-Al system yet. Ce 3 Al transforms into its β-phase (cubic, Pm3m, Cu 3 Au type) at temperatures above 523 K. 9, 10 For this compound also a monoclinic low temperature form (monoclinic, P2 1 /m, Ce 3 Al type) has been found below 115 K. 11 Also HT-LaAl 4 and HT-CeAl 4 , crystallizing in the BaAl 4 type structure (tetragonal, I4/mmm) have been prepared. 5, 6 Finally, La 3 Al 2 12 as well as La 5 Al 4 13 were reported to crystallize in the hexagonal crystal system (P62m) with lattice parameters of a ∼ 926 and c ∼ 1120 pm. The structure of "La 5 Al 4 " was refined from powder X-ray diffraction data and was found to exhibit two mixed occupied crystallographic positions. Niewa and co-workers later reported the crystal structure of La 16 Al 13 (P62m, a = 917 pm, c = 1122 pm), 14 along with physical property measurements and bonding analysis, concluding that their reported composition corresponds to what has previously been reported as La 3 Al 2 and La 5 Al 4 . The structure could be refined based on single crystal diffraction data, without any mixed occupational sites. A similar binary cerium compound however has not been reported yet.
In the ternary system Ce-Au-Al a number of compounds have been found, the majority being Al-rich. Fig. 1 shows the at room temperature stable compounds along with the respective binary compounds. Besides the equiatomic CeAuAl 15 also four members of the solid solution CeAu x Al 4−x with x = 1, 1.5, 2 and 2.5 have been reported. 16 
Results and discussion

Phase diagram and thermoanalytical investigations
In the binary systems Ce-Au, Ce-Al and Au-Al a large number of compounds are known. However only a few ternary representatives have been reported. Especially the rare-earth element rich side of the ternary system Ce-Au-Al has been empty so far. In Fig. 1 the known compounds of the system Ce-Au-Al are shown along with the here reported compound. During investigations of the rare-earth element rich side in this system, single crystals with sizes above 250 μm could be obtained from an annealed arc-melted ingot with a nominal composition of 4-1-1, when searching for new Gd 4 RhIn type aluminides. 18 Investigations of the binary phase diagram revealed that at compositions of 84 at% Ce and 16 at% Au and 89 at% Ce and 11 at% Al eutectics with melting points of 793 K and 853 K can be found. 19 Annealing above this temperature therefore enables a reactive flux assisted growth of thermodynamically stable phases. The advantages of metal fluxes for preparative solid state chemistry are well known and have been extensively used to obtain high purity crystals for property investigations. 20 The obtained crystals have been investigated by single crystal X-ray diffraction (vide infra). In order to learn more about this system, thermoanalytical investigations have been performed on pieces of the unannealed 4-1-1 buttons. Two endothermic energy peaks at T 1 = 829 K, T 2 = 845 K are clearly visible upon heating (Fig. 2, top) and two, slightly shifted, exothermic peaks upon cooling. The endothermic peaks can be interpreted as melting points, the two peaks upon cooling were consequently attributed to be the crystallization of Ce 16 Au ∼3 Al ∼10 and the solidification of the remaining melt. In a consecutive step, a fragment of an unannealed button of stoichiometric Ce 16 Au 3 Al 10 has been investigated with the help of SDT measurements (Fig. 2, bottom) . Only one energy peak at T = 946 K can be observed, corresponding to the melting/ decomposition of the respective single phase compound. Niewa and co-workers reported La 16 Al 13 to melt peritectically at T = 818 K, therefore the specimen prepared for physical property measurements (RE 16 Au 3 Al 10 , RE = La-Pr) were consequently annealed at 823 K, well below the respective melting/ decomposition temperature.
Crystal structure
The single crystal data of La 16 Au 2.85(1) Al 10.15 (1) and Ce 16 Au 3.37(1) -Al 9.63 (1) was refined based on the prototypic crystal structure of La 16 Al 13 in the hexagonal crystal system with space group P62m (no. 189).
14 All eight crystallographic sites were identified by Superflip 21 and a correct assignment of the rare-earth and aluminum atoms was achieved in comparison with the literature. The structure was subsequently refined using Jana2006. 22, 23 All crystallographic sites occupied by a rareearth atom are solely occupied by the respective element. However, three of the four crystallographic Al sites, were found to exhibit significantly increased electron density. Those sites were refined as mixed-occupied with gold. These three sites form an 11-atomic [3.3.3]-barrelane analogue unit, while the fourth crystallographic Al site shows no mixed-occupation at all. The interatomic distances within the cage-like fragment range between 263-264 pm, which is slightly above the sum of the covalent radii (Al-Al: 250 pm, Au-Al: 259 pm) 24 26 Within the barrelane unit, the Au/Al2 atom is coordinated by three Au/Al4 atoms. Au/Al3 and Au/Al4 are only twofold coordinated. The Au/Al sites are furthermore coordinated by rare-earth atoms with a total coordination number of 10-12 ( Table 4 ). The isolated Al1 atoms are surrounded symmetrically by eleven rare-earth atoms in the shape of a fivefold capped trigonal prism, also called Edshammar polyhedron, denoted as 11 E (Fig. 3, right) . 27, 28 The
Edshammar polyhedra form layers within the ab plane with 1/3 of the polyhedra being absent (Fig. 4) .
The [3.3.3]-barrelane units are located above and below the respective voids. They get sandwiched between the layers of Edshammar-polyhedra (z = 0 and z = 1) whereas the centres of the barrelane units are located at (0, 0, 1/2) (Fig. 5 ). These cage-like structural fragments, however, are empty with no significant residual electron density. Details of the refinements of the investigated crystals are listed in Tables 2-4. In the case of the cerium compound, a second crystal from a different batch has been investigated by single crystal X-ray diffraction, showing the same composition as well as the same Au to Al distribution on the Au/Al2, Au/Al3 and Au/Al4 sites suggesting the maximum gold content to be close to x ∼ 3.
Since the investigated compounds have to be viewed as solid solutions, as a consequence more members with different values of x were synthesized. The maximum gold content is evident with respect to the reactive flux syntheses. For both, La and Ce, the single crystals exhibit values of x ∼ 3, this seems to be the maximum gold content. When using a starting composition RE : Au : Al of 4 : 1 : 1, the remaining melt, after crystallization of the target compound, has to be rich in RE and Au. EDX investigations confirmed this assumption. For La 16 16 Al 13 could be reproduced. The X-ray powder diffraction patterns of the neodymium and samarium samples exhibit reflections being in line with the proposed crystal structure, however significant amounts of by-products were observed. The unit cell of these compounds could be indexed but no phase pure samples for property measure- ments could be obtained. The unit cell volumes of all prepared compounds are plotted in Fig. 6 ; both lattice parameters and unit cell volumes are listed in Table 1 . As expected, an almost linear trend is visible in both, the lattice parameters and the unit cell volume. This can be explained by the increasing covalent character of the Au-Al bonds within the barrelane units. When going from lanthanum to cerium, the values shrink again due to the lanthanide contraction. For Pr, Nd and Sm only one compound with x = 3 has been prepared, however the unit cell sizes still fit the expected trend.
Physical properties
La 16 Ce 3+ ion. To obtain more information about this system, lowfield measurements with external field strength of 100 Oe were performed in a zero-field-and field-cooled (ZFC/FC) mode, which are shown in the middle panel of Fig. 7 . In comparison to the 10 kOe measurement, showing no magnetic ordering, two antiferromagnetic anomalies can be observed at 2.7(1) K and 7.7(1) K. In order to investigate the origin of the two phenomena, a heat capacity measurement of Ce 16 Au 3 Al 10 , depicted in Fig. 7 (middle, inset) , was conducted. In this measurement two anomalies at 2.5(1) and 7.6(1) K are visible as well, suggesting that both magnetic transitions originate from the sample and correspond to two intrinsic antiferromagnetic transitions. This is possible due to four independent cerium sites. The inset of the middle panel of Fig. 7 also shows a comparison of the heat capacity measurement with the magnetic susceptibility underlining that the transition temperatures match well in both measurements. The bottom panel in Fig. 7 displays the magnetization isotherms of Ce 16 Au 3 Al 10 measured at 3, 10 and 50 K. The isotherm slightly above both ordering temperatures (10 K) displays a curved field dependency of the magnetization as expected for a paramagnetic material. At 3 K the magnetization increases slowly with a spin-reorientation, also called meta-magnetic step, at flux densities <10 kOe. The sharp increase above 10 kOe can be attributed to a ferromagnetic reorientation of the spins, which confirms the antiferromagnetic ground state of the compound. The weak antiferromagnetic (AFM) ground state easily explains the missing transition in the susceptibility measurement at 10 kOe. Here the AFM ground state was destabilized by the applied field. At higher fields almost no tendency for saturation is observed, and the magnetic moment at 3 K and 80 kOe (μ sat = 0.81(5) μ B per Ce atom) is much lower than the expected saturation magnetization of 2.14 μ B according to g J × J. Such reduced magnetization values often occur in cerium compounds and can be attributed to crystal field splitting of the J = 5/2 magnetic ground state of Ce 3+ .
Electrical resistivity measurements at room temperature indicate metallic character. Upon cooling the resistivity shows irregularities, suggesting micro-cracks in the sample, making a characterization over the full temperature range impossible.
Pr 16 Au 3 Al 10 . The magnetic data of the praseodymium compound is shown in Fig. 8 . The top panel displays both magnetic and inverse magnetic susceptibility (χ and χ −1 data).
From a fit of the χ −1 data above 75 K using the Curie-Weiss law, an effective magnetic moment of μ eff = 3.58(1) μ B per Pr atom and a Weiss constant of Θ p = 7.5(1) K could be calculated. The magnetic moment matches exactly the theoretical moment, the positive value of the Weiss constant can be attributed to weak ferromagnetic interactions in the paramagnetic temperature range. Low-field measurements with external field strength of 100 Oe were performed in a zero-field-and fieldcooled (ZFC/FC) mode and are shown in the middle panel of Fig. 8 . While the ZFC curve shows characteristics of an antiferromagnetic behaviour the FC curve clearly shows the sign of ferromagnetic coupling. The derivative of the field-cooled data is shown in red with the maximum at T C = 19.8(1) K.
The magnetization isotherm recorded at 50 K shows a linear field dependency of the magnetization as expected for a paramagnetic material. The 3 K and 10 K isotherms show a strong increase of the magnetization at almost zero field, underlining the ferromagnetic ground state. Near 20 kOe a small S-shaped feature appears, typical for a spin-reorientation. This feature remained unclear and might be attributed to trace impurities; however due to the two anomalies observed for Ce 16 +49-7247-808-666; E-mail: crysdata@fizkarlsruhe.de, http://www.fiz-karlsruhe.de/en/leistungen/ kristallographie/kristallstrukturdepot/order-form-request-for-depositeddata.html) on quoting the depository numbers given above. of the title compounds could be obtained from the excess melt (Fig. 9) . The samples are not stable against diluted hydrochloric or acetic acid; therefore mechanical fragmentation was used to obtain crystals suitable for the structural analysis. This process was also used to crystallize the isostructural lanthanum compound. The samples are stable against air and moisture for months. The samples of the solid solutions RE 16 Au x Al 13−x with RE = La-Nd, Sm and x = 3 for magnetic measurements were synthesized by arc-melting the pure elements. 32 The starting materials were weighed in a molar ratio of 16 : 3 : 10 (RE : Au : Al) and arc-melted under argon at 800 mbar. The obtained button was remelted several times to increase the homogeneity. In the final step, the samples were sealed in quartz ampoules and held for 10 d at 823 K, well below the melting point of the compound. The furnace was cooled down to room temperature within 48 h.
Simultaneous differential thermoanalysis (SDT)
Simultaneous Differential Thermoanalytic SDT measurements were carried out on a TA Instruments SDT Q600 instrument. Typically 10 mg of the sample was placed in an Al 2 O 3 crucible which was covered with a lid. The samples were transferred into the instrument and heated under a constant Argon stream to 1023 K with a heating rate of 10 K min −1 followed by a cooling step to room temperature with the same rate.
X-ray powder diffraction
The polycrystalline samples were characterized by Guinier patterns (imaging plate detector, Fujifilm BAS-1800 scanner) with Cu-Kα1 radiation using α-quartz (a = 491.30, c = 540.46 pm) as an internal standard. Due to the ductility based on their structural features (vide supra) the samples could not be ground to a powder. Consequently the samples were crushed as fine as possible. Correct indexing of the diffraction lines was ensured through intensity calculations using the LAZY-PULVERIX software package. 33 The lattice parameters were obtained through least-squares fits (Table 1) .
Single crystal diffraction
Small single crystals were extracted from the crushed annealed ingots or from the flux reactions. The crystals were glued to thin quartz fibers using beeswax and investigated by Laue photographs on a Buerger camera (white molybdenum radiation, image plate technique, Fujifilm, BAS-1800) in order to check their quality. Intensity data sets of four single crystals were collected at room temperature by use of a Stoe IPDS-II image plate system (graphite monochromatized Mo radiation; λ = 71.073 pm) in oscillation mode or on a four-circle diffractometer (Stoe, StadiVari, μ-source, Mo K α radiation; λ = 71.073 pm; oscillation mode) with an open Eulerian cradle setup equipped with a reverse-biased silicon diode array detector (Dectris Pilatus 100 K, resolution: 487 × 195 pixel, pixel size: 0.172 × 0.172 mm 2 ). 34 Numerical absorption corrections along with scaling 35 were applied to the data sets. Details of the data collections and the structure refinements of two crystals are listed in Tables 2 and 3 .
EDX data
Semiquantitative EDX analyses on all bulk samples and the single crystals used for structure determination were carried out on a Zeiss EVO MA10 scanning electron microscope using The experimentally observed compositions for the lanthanum compound differ slightly from the theoretical values while for cerium more pronounced deviations are found. These can be explained due to the not perfect perpendicular alignment of the crystals on the fiber with respect to beam and detector. However, phase pure samples with respect to the limitations of the instrument were observed after annealing. No impurity elements heavier than sodium (detection limit of the instrument) were observed.
Physical properties measurements
Polycrystalline pieces of the annealed RE 16 Au 3 Al 10 button were packed in kapton foil and attached to the sample holder rod of a Vibrating Sample Magnetometer unit (VSM) for measuring the magnetization M(T,H) in a Quantum Design PhysicalProperty-Measurement-System (PPMS). The sample was investigated in the temperature range of 2.5-300 K and with magnetic flux densities up to 80 kOe. For the heat capacity measurement from 1.9-300 K, a piece of the sample used for the susceptibility measurements (4.551 mg) was fixed to a pre-calibrated heat capacity puck using Apiezon N grease.
